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It i s  wel l  recognized t h a t  abnormal deposition of glycogen may occur 

i n  the  b ra in  under a var ie ty  of pathological conditions (Alzheimer, 1910; 

Casamajor, 1913; Helmke, 1937; Marinescu, 1928; M"unzer, 1928). The de- 

pos i t ion  occurs i n  g l i a l  c e l l s  and may e i t h e r  be generalized or be found 

a t  the  periphery of les ions  when t i ssue  damage has been severe (Friede, 

1954; Shimizu and Hamuro, 1958). 

The purpose of t h i s  report  i s  t o  indicate t h a t  glycogen may a l so  be 

deposited i n  the bra in  as a reaction t o  i n j u y  from ionizing radiation, 

both pa r t i cu la t e  and electromagnetic. I n  our experiments t he  bra ins  of 

rats were exposed t o  (1) - 12 Mev/nucleon alpha p a r t i c l e s  i n  a dose of  

6,000 rad (surface dose) (30,000 rad depth dose) given a t  the rate of  

10,000 rad/min, or 4 x lo9 particles/cm 2 /sec; (2)  10.4 Mev/nucleon alpha 

times those amounts) given a t  the  rate of 24,000 rad/min, or 9.6 x 10 9 

- 
p a r t i c l e s  a t  surface doses ranging from 500 t o  24,000 rad (depth doses 4 
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2 particles/cm /see; and (2) 250 Kv X-rays a t  doses ranging from 500 t o  

28,000 r given a t  the  rate 'of 100 r/min. Penetration of the  bra in  by 

alpha p a r t i c l e s  w a s  only t o  a depth of approximately 1.0 mm, and i n  

the  region of m a x i m a l  penetration t h e i r  energy release was,  as indi-  

cated, 5 and 4 times, respectively, t h a t  at  the  b ra in  surface. 

p r inc ip le  involved here i s  that , ,  as particle- decreases i n  passing 

The 
V C i i O , f $  

through t issue,  the  r a t e  of e n e r a  t r a n s f e r  and the absorbed dose increase, 

so  t h a t  a t  the  ionizat ion peak (Braggfpeak) i n  t he  region of t emina t ion  

of the  p a r t i c l e  beam the damage i s  most intense' (Baker e t  al., 1961; 

Janssen e t  al., 1962; Rose e t  al . ,  1960; Tobias, 1962). 

danaged region, present a t  t he  depth of p a r t i c l e  radiation, i s  re fer red  

The most 

t o  by us as the  "Bragg-peak band, I '  or, simply, 'band." I n  the  X-irradiated 

animals the midline t i s s u e  dose rate  w a s  estimated t o  be 89 rad/min. 

Changes Following Alpha-Particle I r rad ia t ion .  (a) With 12 Mev/nucleon 

alpha p a r t i c l e s  a t  6,000 rad surface dose. 

presence, i n  the  i r r ad ia t ed  region, of  aggregates of PAS-positive granules 

E a r l i e r  s tudies  indicated the  

it 

Table 1 which were shown t o  contain glycogen, both histochemically* (Table 1) 

(ma tzo  e t  al., 1961, 1962) and chemically (Wolfe e t  al., 1962). The 

glycogen granules, present ch ief ly  i n  as t rogl ia ,  were v i s i b l e  at  6 hours 

a f t e r  i r rad ia t ion ,  increased i n  number i n  time, w i t h  m a x i m a l  number a t  

48 hours; they then gradually decreased u n t i l  t he  36th day, a f t e r  which 

the  few PAS-positive granules pers i s t ing  were found free from glycogen 

*Rossman's f l u i d  w a s  used f o r  t i s sue  f ixa t ion :  

225 cc; p i c r i c  acid, 22.5 gm; 40% formaldehyde, 25 cc. 

Absolute alcohol, 
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Table 2 

Fig.  1 
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(Table 2) .  A t  e a r l i e r  pos t i r rad ia t ion  stages, e.g., a t  48 hours, glycogen 

granules were present above and below the band, not i n  the  band i t s e l f  

(Fig. 1). 

the  t r ichloracet ic-acid-extractable  glycogen were found s igni f icant ly  

increased (maximum of 23 and >Oo/o increase, respectively) over a p e r i o d .  

of 8 days following i r rad ia t ion .  

I n  the  s tudies  u t i l i z i n g  chemical. analysis,  both the  t o t a l  and 

(b) With 10.4 Mev/nucleon alpha p a r t i c l e s  at  various doses, and 

with animal s ac r i f i ce  at  48 hours. 

(glycogen-containing) granules were observed at' t he  48-hour period was 

2,000 rad (surface dose) (Table 2 ) .  

(surface dose), although s t r ik ing  damage had occurred i n  the  i r r ad ia t ed  

region--so much so t h a t  myriad macrophages had formed--PAS-positive 

The lowest dose a t  which PAS-positive 

On the  o ther  hand, at 24,000 rad 

. 
Fig. 2 . 

mater ia l  had accumulated i n  the  i r rad ia ted  t issue and had been taken 

up by  the macrophages (Fig. 2) ,  but digestion analyses revealed no 

Tlycogen (Miquel e t  al., 1963a). 
ii' 

Changes Following 250 Kv X-Irradiation. (a) A t  various dose levels ,  

with animal s ac r i f i ce  a t  24 hours. 

(glycogen-containing) granules were observed at  24 hours w a s  

(Table 2) .  

they were progressively more nuneraus (Miquel e t  al., 1963b). 

The lowest dose a t  which PAS-positive 
I ,  %COP2 

A t  succeedingly higher doses up t o  and including 8,300 r, 

(b) A t  300 and 3,000 r dose levels ,  with animal s ac r i f i ce  a t  5 t o  

96 hours. 

t a in ing )  granules were found over the time span indicated (Table 2) .  

In  the brains  exposed t o  300 r, no PAS-positive (glycogen-con- 

On 

the  o ther  hand, a t  3,000 r they were found i n  a11 the brains,  bu t  t h e i r  
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number reached a peak a t  48 hours (Miquel e t  al., 1963b). 

Comment. These various studies, s t i l l  i n  progress, ind ica te  c l ea r ly  

t h a t  glycogen accumulates i n  the bra in  following exposure t o  ionizing 

rad ia t ion  a t  cer ta in  dose levels. From present ly  avai lable  time-dose 

data  it i s  c l ea r  t h a t  the granules increase i n  number with dose and 

t h a t  t he  peak of granule accumulation i s  at 48 hours pos t i r rad ia t ion .  

Table 2 ind ica tes  t he  lowest radiat ion doses at which granules appeared 

a t  ce r t a in  time periods, e.g.; at 2,000 rad i n  48 hours on exposure t o  

10.4 Mev/nucleon alpha pa r t i c l e s .  

a longer l a t e n t  i n t e rva l  at  doses under 2,000 rad s t i l l  needs t o  be 

determined. The present ly  available da ta  would seem t o  discount t h i s  

poss ib i l i t y .  

6,000 rad surface-dose l e v e l  have indicated that the  appearance of 

PAS-positive glycogen granules represents a highly sens i t ive  ind ica tor  

of  radiat ion in jury  at  the dose leve ls  udxi&ed . The sequence of 

changes observed under these conditions i s  indicated i n  Table 3, which 

contains data from various sources (Haymaker, 1962, 1963; Janssen e t  al., 

1962; m a t z o  e t  d., 1961, 1962). 

Whether granules w i l l  appear after 

Our s tudies  with 12  Mev/nucleon alpha p a r t i c l e s  at  the  

. -  
FL-,!rLc .c, 

Table 3 

The mechanism by which glycogen increase occurs i n  the  b ra in  under 

i r r a d i a t i o n  conditions i s  s t i l l  not c lear .  It has been suggested t h a t  

pro te in  bonds of t i s sue  glycogen are disrupted by the rad ia t ion  and t h a t  

the  glycogen freed i n  t h i s  manner is  released from the injured t i s s u e  

and taken up, through pinocytosis, by a s t r o g l i a  (Klatzo e t  al., 1961). 

On the bas i s  t h a t  glycogen granules were not found i n  the Bragg-peak band 



bu t  were present both above and below the band (Fig. l), and on the  bas i s  

t h a t  at high X-ray doses glycogen increase did not occur (Fig. 2),  it 

seems reasonable t o  assume t h a t  inact ivat ion o f ‘ a n  enzyme system, such 

as phosphorylase, may be concerned. 

t h a t  the granules may be &&et3 f r o m  carbohydrate substances l i be ra t ed  

A view which has been favored i n  
( & LM’L 

i n  the  injured t i s sue  and taken up by a s t r o g l i a  and converted t o  glycogen 

(Wolfe e t  al., 1962). 
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TABLE 1 

Sta ins  and ProcecJirps U s e d  for Histochemical Analysis of PAS-Positive Granules 

_ -  - l_l - __. _I_ -- ._ - 

Sta ins  and Procedures Results 
. .- -- --I--.-- .- 

PAS S ta in  Pos i t ive  s t a in ing  of the granules 

Best 's Carmine S ta in  Pos i t ive  s t a in ing  of the  granules 

Acetylation (Gersh) General reduction i n  PAS-positive 
s t a in ing  

CY-amylase PAS-positive granules extracted 

/3 -amylase PAS-positive granules extracted 

Hot chloroform-methanol 1:l PAS-positive granules extracted 

Met achr omas i a  I Negative 

Sudan Black B S ta in  N e  ga t  ive 
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TABLE 3 

Time of Appearance of Changes on the  Cerebral Cortex Following 

I1 Exposure t o  12 Mev/Nucleon Alpha-Particle Radiation 

a t  6,000 rad Surface Dose 

Nature of Change Time of Appearance 

Glycogen i n  Astrogl ia  . 6 h r  

Nerve -Cell Damage 6 h r  

As t rog l i a l  Damage 
(Cajal Technique) 

Vascular Alterat ions 
(Pickworth-Lepehne Technique ) 

"Blood-Brain-Barrier" Penetration 
(by fluoresceinq-rlabeled albumin) 

Severe Myelin Damage 
" Y  

48 hr 

48 hr 

48 hr 

96 hT.+ 

*Damage i s  assumed t o  have occurred a t  some period between 

48 and 96 hours. No brains  a t  the 72-hour pos t i r rad ia t ion  

s tage  were avai lable  f o r  study. 
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Fig. 1. 12 Mev/nucleon alpha-particle radiat ion;  48 hours a f t e r  

exposure t o  6,000 rad  (surface dose). Cerebral cortex. A.  - The Bragg- 

peak band ( the  narrow pale s t r i p  with grea tes t  nerve-cell  l o s s )  i s  

v i r t u a l l y  f r e e  from granules. Aggregates of glycogen granules a r e  t o  

be noted above and below the  band. 

t he  same bra in  a f t e r  a-amylase-digestion. The glycogen granules have 

disappeared. 

A. Both sections were s ta ined by PAS and counterstained with 

hematoxylin. X 250. 

E. From corresponding sec t ion  of 

The Bragg-peak band i s  v i s i b l e  a t  the  same l e v e l  as i n  

- 

Fig. 2. 10.4 Mev/nucleon alpha-particle radiat ion;  48 hours of the  

exposure t o  24,000 rad (surface dose). Cerebral cortex, i l l u s t r a t i n g  

nerve-cell  l o s s  and macrophage response. PAS-positive material was  

found i n  the  macrophages and i n  the  i r r ad ia t ed  t i s sue  i n  general, bu t  

digest ion procedures revealed no glycogen, 

procedures were the  same as i n  the sect ion i l l u s t r a t e d  i n  Figure 1. X 100. 

The s ta in ing  and digestion 
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